Postsynaptic responses to stereotyped activation of single axons are known to f luctuate, but the origin of synaptic variability in the vertebrate central nervous system is still unclear. To test the hypothesis that f luctuations of inhibitory postsynaptic currents ref lect variations in presynaptic Ca 2؉ concentration, we examined single GABAergic axodendritic contacts in low-density cultures. Collicular neurons from rat embryos were loaded with the Ca 2؉ indicator Oregon Green 488 BAPTA-1. Presynaptic axon terminals were visualized by staining with the styryl dye RH414. Under the condition of action potential block, RH414-labeled boutons were activated selectively by current pulses applied through a fine-tipped glass pipette. Short (1-to 3-ms) depolarization of isolated boutons resulted in stimulus-locked changes of pre- ] pre could reach hundreds of micromoles per liter. The very small distance between the channel mouth and the release site, together with the requirement for high [Ca 2ϩ ], is thought to account for both the fast initiation and termination of release. In addition, it was shown that the relationship between the postsynaptic response and the presynaptic Ca 2ϩ influx is highly nonlinear (4, 6, 12).
Transmitter release is triggered by a localized elevation of concentration in a specialized area called the ''active zone,'' where transmitter-containing vesicles and Ca 2ϩ channels are clustered together (1) . Most of what is known about the relationship between presynaptic Ca 2ϩ influx and postsynaptic responses is derived from especially large synapses with multiple active zones. In the squid giant synapse (2, 3) and in the neuromuscular junction (4) (5) (6) (7) (8) , postsynaptic responses were recorded in parallel with presynaptic Ca 2ϩ currents or changes in the presynaptic Ca 2ϩ concentration ([Ca 2ϩ ] pre ). These and other studies (reviewed in refs. [9] [10] [11] showed that the releaseassociated changes in [Ca 2ϩ ] pre are very local, large, and rapid. Ca 2ϩ influx creates microdomains of elevated [Ca 2ϩ ] pre in the immediate vicinity of Ca 2ϩ channels. At the inner-channel face, [Ca 2ϩ ] pre could reach hundreds of micromoles per liter. The very small distance between the channel mouth and the release site, together with the requirement for high [Ca 2ϩ ], is thought to account for both the fast initiation and termination of release. In addition, it was shown that the relationship between the postsynaptic response and the presynaptic Ca 2ϩ influx is highly nonlinear (4, 6, 12) .
The latter conclusion was extended to a giant synapse in the vertebrate central nervous system (CNS) (13) . Despite the fact that synapses in the mammalian CNS are commonly formed by small axon varicosities that comprise not more than one to two active zones (14, 15) , it became possible to examine some of them in the slice by recording whole-cell or field excitatory postsynaptic currents in their dependency on pooled [Ca 2ϩ ] pre (16) . A third-to fourth-power function described the dependency of excitatory postsynaptic currents on [Ca 2ϩ ] pre in excitatory axon terminals of the cerebellum and hippocampus (17, 18) , and it was shown that this relationship was strongly dependent on the type of Ca 2ϩ channel involved (17) . Fluorescent markers allowed identification of the site of vesicle accumulation in axon terminals (19) , providing an opportunity to study evoked transmitter release from individual synapses in low-density dissociated cell cultures. In a first series of experiments, inhibitory synaptic currents were elicited in the presence of a Na ϩ -channel blocker by direct depolarization of single FM1-43-stained boutons (20) . This activation technique was introduced by Katz and Miledi (21) and used later by a number of other investigators (22, 23) . In comparison with single-bouton activation by local application of concentrated KCl (24, 25) or sucrose solution (26, 27) , the method of direct electrical stimulation has the advantage that the range of [Ca 2ϩ ] pre could be expanded by precise gradation of presynaptic depolarization. Deficits in the control over the presynaptic membrane potential may be compensated partly by the availability of [Ca 2ϩ ] pre as an indicator for presynaptic activation. In this way, postsynaptic fluctuations can be studied in activity-matched samples.
Fluctuations in synaptic transmission are thought to contribute to the functional adjustment in neuronal networks (28 
MATERIALS AND METHODS
Preparation. Superior colliculi of embryonic day 21 Wistar rats were removed, dissociated, and plated as described in Perouansky and Grantyn (29) , except that cells were seeded at a lower density (75,000 cells per cm 2 ), on laminin-coated glass coverslips. Antimitotics were not used. Cultures were studied between 10 and 36 days in vitro, when neuron densities amounted to 8-10 ϫ 10 3 per cm 2 .
Imaging. Cultures first were loaded with Oregon Green 488 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetate acetoxymethyl ester (Org1; 5 M, 15-20 min at 36°C) and then kept in standard salt solution (SSS; 140 mM NaCl͞3 mM KCl͞1 mM MgCl 2 ͞1.5 mM CaCl 2 ͞20 mM Hepes⅐NaOH͞30 mM glucose, pH 7.4) for an additional 20 min to ensure deesterification. After that, synaptic vesicles were stained with RH414 by using a two-step procedure. After incubation (15-20 s) in high-potassium (30 mM) salt solution containing 50 M RH414, cultures were kept for 30 s in the SSS containing the same concentration of the dye. After that the cells were washed twice with the SSS. The coverslip with the stained cultures formed the bottom of a recording chamber on the stage of an inverted microscope (Axiovert 100; Zeiss). A ϫ100 phasecontrast objective (Zeiss) was used to select axodendritic contacts for imaging and stimulation. Excitation wavelength was controlled by a fast monochromator system, and fluorescent signals were recorded by a charge-coupled device (CCD) camera (TILL Photonics, Planegg, Germany). Numerically, one pixel of this CCD camera collected the light from a 0.1 ϫ 0.1-m area in the focal plane. All measurements were performed by using 4 ϫ 4 binning (0.4 ϫ 0.4 m). The acquisition rate for [Ca 2ϩ ] measurement was one image per 10 ms. The probes were excited at 490 nm. The excitation and emission light was separated by using a 510-nm dichroic mirror. The emitted light was filtered at 550 Ϯ 30 nm for Org1 and at 600 nm for RH414. Several phase-contrast images and an RH414 image were captured at the beginning of each experiment. The RH414 image was binarized at a threshold of half-maximal intensity above the background and used as a mask (by multiplication) to define the region of interest (ROI) for subsequent Org1 images. Thus, the presynaptic ROIs represented the area of vesicle accumulation. The background fluorescence originating from glial cells was calculated from a region in the immediate vicinity of the stimulated bouton and subtracted. To decrease contamination of the ROI signal by fluorescence from the underlying dendrite, all measurements were performed after at least 15 min of postsynaptic neuron dialysis. Moreover, the postsynaptic cell then was depolarized to 0 mV for 1 s. When the fluorescence change in the presynaptic ROI exceeded 10% of the resting value, the experiment was discontinued. This test will be referred to as ''dendritic Ca 2ϩ test.'' Fluorescence signals were expressed as relative changes from prestimulus levels (⌬F͞F 0 ). For simplicity, ⌬F͞F 0 also will be referred to as [Ca 2ϩ ] pre . Stimulation and Recording. Glass stimulation pipettes filled with SSS (8-12 M⍀) were placed close to an RH414-labeled spot. An isolated stimulation unit was used to generate electrical stimuli. Unless otherwise stated, boutons were activated at 0.1 or 0.2 s Ϫ1 by applying depolarizing pulses for 1-3 ms.
Stimulating currents (0.5-1.5 A) were recorded throughout. Whole-cell patch clamp recordings were performed by using glass pipettes containing 100 mM potassium gluconate͞50 mM KCl͞5 mM NaCl͞2 mM MgCl 2 ͞1 mM CaCl 2 ͞10 mM EGTA͞20 mM Hepes⅐KOH, pH 7.2. E Cl was about Ϫ20 mV. Signals were acquired at 10 kHz by using a conventional patch clamp amplifier and acquisition software (EPC-7 or EPC-8 with TIDA 3.0; HEKA Electronics, Lambrecht͞Pfalz, Germany). Series resistance (10-12 M⍀) was compensated up to 70-75%. Stimulus-related capacitance artifacts were subtracted by using averaged failure traces. The time course of postsynaptic depolarization resulting from imperfect voltage control (''voltage escape'') was determined by estimating the changes in the driving force for eIPSCs after the pulse. The relaxation time constant measured during the peak of an eIPSC was less than 3 ms. When short stimuli (1-3 ms) were used, eIPSCs started after the pulse, and peak amplitudes were underestimated by no more then 5%.
Superfusion. All experiments were performed at room temperature (23-25°C). A slow superfusion system was used. The flow rate was 0.5 ml͞min. To test the effect of Ca 2ϩ -free or bicuculline-containing solution, a glass superfusion pipette (40-m tip diameter) was placed at a distance of about 50 m. Ca 2ϩ -free solution contained 2.5 mM MgCl 2 , no added CaCl 2 , and no EGTA. Tetrodotoxin (1 M), 6,7-dinitroquinoxaline-2,3-dione (10 M), and DL-2-amino-5-phosphonopentanoic acid (50 M) were added to the SSS to prevent AP generation and glutamatergic synaptic transmission. Org1 and RH414 were obtained from Molecular Probes, and all other chemicals were from Sigma.
RESULTS
The culture conditions favored the formation of GABAergic synaptic connections (30) . Nevertheless, postsynaptic currents were identified as IPSCs by their sensitivity to bicuculline, slow time course, and reversal at chloride equilibrium potential. Well isolated axon terminals located at the side of a first-order dendrite were best suited for the present experiments (Fig.  1A) . In terms of bouton size, our sample is representative of previously described immunolabeled GABAergic boutons in collicular cultures (31) . The bouton projection on the dendrite axis had an average length of 1.06 m (SD ϭ 0.41; n ϭ 50). The RH414-labeled area comprised 5-10 pixels (binning 4 ϫ 4).
All experiments were performed in boutons separated from their neighbors by more than 2 m. Stimulating pipettes were positioned under visual guidance (Fig. 1B) . Stationarity of synaptic transmission in the course of data acquisition was tested by comparing average response amplitudes in the first and second half of the experiment. We admitted a run-down of not more than 20% for stimulation frequencies between 0.1 and 0.2 s
Ϫ1
. The number of trials (typically 150-200) was limited by bleaching of the Ca 2ϩ -sensitive dye. Fig. 1C illustrates a response to stable single-bouton activation in the presence of tetrodotoxin. It can be seen that eIPSCs were stimulus-locked but highly variable in amplitude. Some of the responses were really large (Ͼ2 nS), especially if one considers that in these cultures 92% of the bouton profiles contained only one active zone (31) and quantal conductance changes were as low as 105-135 pS (32) .
The large amplitude of single-bouton-activated eIPSCs raised the question of whether other boutons in the neighborhood were coactivated by the extracellular current pulse. This possibility was disregarded on the following grounds. First, the efficiency of stimulation was strongly dependent on the pipette position. A small (1-to 2-m) displacement of the stimulation pipette resulted in the reversible disappearance of both eIPSCs and [Ca 2ϩ ] pre even if the strongest pulse (4 A) was applied. Second, a stimulus-locked presynaptic Ca 2ϩ signal occurred only in the depolarized bouton and was never detected in any other RH414-stained region within in the field of observation. Fig. 2 A-C illustrates that the evoked fluorescence change indeed was confined to the terminal in the immediate vicinity of the stimulating pipette.
An important issue was the potential influence of the depolarizing stimulus on the postsynaptic cell. The results presented in Fig. 2 E and F suggest that postsynaptic, voltageactivated conductances in the stimulated area, if at all present, were not detectable (below 50 pS). Similar results were obtained when adding 50 M of bicuculline to SSS. Analysis of failure traces during application of Ca 2ϩ -free solution (Fig.  2E ) or in the SSS (Fig. 2F) showed that current relaxation after the stimulus was fairly fast. In the absence of an eIPSC, the time constants ranged from 1.5 to 2 ms (n ϭ 5).
Another ] pre by the postsynaptic signal was not more than 5%. (Fig. 3 B and C) . It can be seen that beyond a certain level of stimulus intensity (usually around 1.5
] pre signal declined. Among other possibilities, this phenomenon could be explained by the decreasing driving force for the Ca 2ϩ influx. Potential saturation of the Ca 2ϩ -sensitive probe was tested by applying an increasing number of stimuli at short intervals. The pulse intensity was set to induce maximal Ca 2ϩ elevation. These experiments (Fig. 3D) showed that the [Ca 2ϩ ] pre transient induced by the first pulse remained significantly below the maximal fluorescence level. Thus, single-pulse activation was unlikely to saturate the probe. ] pre must be considered as a necessary condition for the generation of eIPSCs. But is it a sufficient condition as well? Fig. 4 B and C illustrates that this was not the case. In Fig. 4C , [Ca 2ϩ ] pre traces were selected to reach about the same maxima, but eIPSC amplitudes were quite different. Even a complete failure occurred in between two large eIPSCs. Fig. 4 B and C illustrates that transmitter release retained its probabilistic character throughout the range of observed [Ca 2ϩ ] pre values. Because failures were not completely eliminated and maximal eIPSC amplitudes increased with larger [Ca 2ϩ ] pre , elevation of [Ca 2ϩ ] pre resulted in a 3-to 4-fold increase in the amplitude range of postsynaptic responses.
The histograms of Fig. 5 A and B show the amplitude distributions of eIPSCs in more detail. By varying stimulus intensity, [Ca 2ϩ ] pre was set to its maximal level (Fig. 5B) and to about half of it (Fig. 5A) . As expected, the failure rate decreased with higher [Ca 2ϩ ] pre . The new finding is that higher [Ca 2ϩ ] pre shifted the eIPSC amplitude distribution toward larger values. However, increasing the stimulus intensity beyond the optimum for [Ca 2ϩ ] pre (see Fig. 3B ) resulted in a decrease of eIPSCs (Fig. 5 C-E) . Thus, in the higher-intensity ] pre , but not with stronger depolarization (n ϭ 3). The latter is an additional argument supporting our basic assumption that the stimulation activated only one bouton throughout the entire range of current intensities.
Taken together, these experiments show that single-boutonactivated eIPSCs are not at all confined to one stereotyped amplitude level. Even more, changes in eIPSC amplitudes could be produced experimentally. An increase of average eIPSCs in association with larger [Ca 2ϩ ] pre was the result of both a decrease in the failure rate and a shift toward larger eIPSC values. The simplest explanation for these results is that the number of vesicles simultaneously released from a single bouton can be greater than 1 and varies according to [Ca 2ϩ ] pre . ] changes. Studies in the neuromuscular junction and the squid giant synapse reported power relationships with an exponent between 2.5 and 3.8 (33) (34) (35) . These numbers were confirmed later by studying the dependency of postsynaptic responses on presynaptic Ca 2ϩ currents (12, 13) or [Ca 2ϩ ] pre (17, 18) . Our data are in good agreement with the above results although the methods and preparations used were quite different. Considering that the number of active zones is about 5,000 in the squid giant terminal (2), about 500 in the frog neuromuscular junction (36), and probably no more then 5 in GABAergic boutons of the vertebrate CNS (15), one should conclude that the power law dependency of the mean postsynaptic response on [Ca 2ϩ ] pre applies equally well to large and small terminals. The present results can well be reconciled with the idea that the nonlinear dependency of GABA release reflects the summation of overlapping microdomains arising from multiple, clustered Ca 2ϩ channels (17) . However, several alternative explanations are possible, as discussed already by Augustine et al. (12) .
DISCUSSION
Some degree of variability of postsynaptic responses is an inherent property of most central synapses (37) ] pre increases the number of quanta at one active zone or merely synchronizes the activity of several active zones in one terminal. Studies of evoked neurotransmission at the level of individual synapses in culture now provide further opportunities to determine the functional limits of single synapses, to clarify the experimental conditions for maximal release, and to find out to which extent molecular diversity contributes to response variability and heterogeneity in synapses formed under defined growth conditions.
